) Cemagref Lyon, 3 bis quai Chauveau -CP220 -69336 Lyon Cedex, France A B S T R A C T Our study details key parameters of the reproductive biology of the shrimp Palaemon longirostris, e.g., spatio-temporal variation of the sex-ratio, migration pattern, breeding period, fecundity, size at the onset of maturity, and egg volume. While P. longirostris population was very little studied in its distribution area, our fist aim was to complete that lack of knowledge and to provide a basis for understanding its population dynamic. Finally, our results were also compared with those reported from different studies on this species within Europe, in order to test the reported latitudinal cline of reproductive parameters in decapods. During a one-year survey, P. longirostris have been collected monthly across a large part of the Gironde estuary (France). Biometric measurements and determination of sex and maturation stages were carried out on preserved subsamples. Eggs were counted and measured for ovigerous females. In the Gironde, the breeding period was restricted from March to July, and related to water temperature. The size of the ovigerous females ranged between 7.1 and 14.6 mm cephalothorax length; according to their size, these females brought between 78 and 1391 eggs (547 on average). These results were compared with available data from the literature on French or foreign populations. For two reproductive parameters a latitudinal cline was noticed: e.g., an increase of the maximum females size and a restriction of the breeding period with latitude. Due to the weakness of available data on the reproductive biology of P. longirostris, it was very difficult to compare fecundity (number of eggs brought per female) and egg volume between localities. As expected fecundity could decrease with latitude, but this trend remains to be confirmed by more extensive studies on the species populations.
INTRODUCTION
The reproductive biology of crustaceans plays an essential part of their population dynamic and life history strategies. For species of commercial interest in particular, this knowledge is highly relevant for successful fisheries management (Lizarraga-Cubedo et al., 2008) . Comparison of reproductive strategies among populations -for a given species or a very close one -from different localities enables us to better understand variations in latitudinal patterns, and this can be very useful in generating and testing hypotheses concerning causal factors that can act on reproduction, such as temperature (Bauer, 1992) .
The breeding period, fecundity, and size at the onset of maturity are critical aspects of reproductive biology and are therefore key life-history traits (Stearns, 1976) . Several studies on decapods have tried to link these parameters with latitude (temperature) or other parameters (e.g., Bauer, 1992; Bas et al., 2007) . Trade-offs between those reproductive parameters were investigated in few studies (Clarke, 1993; Lardies and Castilla, 2001) .
The breeding period is assessed by the presence of berried females. A latitudinal pattern of this parameter is generally observed in shrimps: the reproduction is continuous in the tropics whereas it is seasonal and more and more restricted to periods of higher water temperature with increasing latitude (Bauer, 1992; Kyomo, 2000; Kim and Hong, 2004) .
Estimating size at onset of maturity is also central for understanding the reproductive strategy and fitness of a species (Wenner et al., 1974; McQuaid et al., 2006) . This allows subsequent geographic comparisons of reproductive status between populations (Waddy and Aiken, 2005) . Size at maturity is also useful for the management of commercial fisheries since it then becomes possible to advocate minimum sizes protecting animals (Waddy and Aiken, 2005; Lizarraga-Cubedo et al., 2008) . Analysis of maturity in females is a more common practice in crustacean maturation studies because many indicators are easier to identify for the female than for the male, e.g., size of the smallest berried females or gonad development stages (Lizarraga-Cubedo et al., 2008) . The positive relationship between size (thus size at sexual maturity) and latitude/temperature, is supported by several studies (Jones and Simons, 1983; Hines, 1989) .
Fecundity is an essential parameter to understand the population ecology and life history of any species (Corey and Reid, 1991) . Different fecundity indexes are distinguished: potential fecundity (number of oocytes in the ovary), realized fecundity (number of eggs attached under the pleon) and actual fecundity (number of larvae hatched) (Anger and Moreria, 1998) . Usually, realized fecundity is described in studies about crustacean reproductive biology. Further, several different regression models are also used to estimate size (or weight)-specific fecundity. In this respect, Somers (1991) recommended the allometric model (log-log transformation). This common model allows direct comparisons among populations. Depending on the studied JOURNAL OF CRUSTACEAN BIOLOGY, 30(2): 175-185, 2010 species, fecundity can be either linked to latitude (Vernberg, 1962; Lardies and Castilla, 2001) or not (Dugan, 1991; Lester et al., 2007) .
It is also common to calculate egg size and volume, which are a key reproductive variable reflecting the action of various selective pressures on reproductive output and larval development (Bauer, 1991) . Some studies reported a trend of increasing volume with increasing latitude (Lardies and Castilla, 2001; Wehrtmann and López, 2003) whereas other didn't find any relationship with latitude (Diaz, 1980) .
Reproductive parameters of some stocks can vary temporally and spatially because of environmental conditions and migration patterns (Bas et al., 2007; LizarragaCubedo et al., 2008) . Therefore, it is important to consider these possible spatial variations in size distribution and fecundity in order to prevent mistakes when comparing populations.
Palaemon longirostris (Milne Edwards, 1837) is a shrimp of commercial interest in Europe (Holthuis, 1980) . It is a typical estuarine species that completes its whole life cycle in brackish water (Gurney, 1923; Sorbe, 1983; Campbell and Jones, 1989; Hayward and Ryland, 1990; Gonzalez-Ortegon et al., 2006) . Its presence has been recorded in estuaries from the north of Africa (Elkaim, 1974) up to Western Germany and north-East England (De Man, 1923; Gurney, 1923; van den Brink and van der Velde, 1986; Smaldon et al., 1993) . In the Gironde estuary (France), this white shrimp fishing is traditional and of considerable importance, producing between 36 and 82 tonnes annually . Palaemon longirostris is also very important in the diet of many commercial fish (Pasquaud, 2006; Pasquaud et al., 2008) .
Finally, very little was known about the reproductive biology of P. longirostris until a detailed study was carried out by Cartaxana (2003) in the Mira River estuary in Portugal. Indeed, previous studies were generally not exhaustive and concerned only a few parameters of its reproductive biology. Studies in the Gironde date from the beginning of the 1980s and are not complete; for instance, Sorbe (1983) reported fecundity for only one female, and although Aurousseau (1984) carried out a more detailed study (a Ph.D. thesis), it was never published nor has it been taken into account in studies about P. longirostris.
Moreover, the population of P. longirostris of the Gironde does not seem to be in good health; its abundance index is low compared to the one measured at the beginning of the 1980s (Aurousseau, 1984) , and a large number of these shrimp are suffering from external skeletal deformities that could have important ecological consequences (Béguer et al., 2008; Feuillassier, 2008) .
Therefore the first aim of our study is to describe the actual main reproductive parameters of P. longirostris in the Gironde estuary in order to provide a basis for understanding its population dynamic (resource management). Then, the second aim is to compare our results with those obtained for the same species obtained from different studies within Europe, in order to try to corroborate the reported latitudinal cline of reproductive parameters in decapods.
MATERIALS AND METHODS

Sampling
Palaemon longirostris was collected monthly from November 2006 to November 2007 in the Gironde estuary (45u209N, 0u459W) through 7 transects divided up along 55 km. Each transect was composed of 3 stations, each sampled at the bottom and at the surface. P. longirostris is a supra-benthic species, which is collected at both bottom and sometimes surface because of important current (tide) in the Estuary which carried them through the whole of the water column. The stations were evenly distributed between the left and right banks of the Estuary (Fig. 1) .
The water surface was sampled using two push-nets located on each side of the boat (section 4 m 3 1 m, stretched mesh of 1 mm at the end). The bottom was sampled using an Agassiz trawl consisting of a metal frame 2 m 3 1.2 m kept at 0.2 m from the bottom by skates with similar mesh size. Samplings were carried out during daytime only between the midflow and the slack period of the high tide in order to minimize possible density variation due to the movement of the shrimps with the tide. Each tow lasted about seven minutes; the velocity of the boat was around 1.2 knots. Classical physical parameters were noted at each station (water temperature, salinity and turbidity). All sampled organisms were fixed in 70% alcohol and stored in plastic containers. About 34,000 P. longirostris were collected through the year (from 1200 to 7000 according to the month).
Biometry
From the collected samples, subsamples were done. For each month, 30 individuals coming from each bottom station were randomly picked up. The subsamples were completed by including individuals from the surface sample when not enough or no individual could be collected at the bottom. A total of 5072 shrimps were examined individually (about 300 a month). Sex was determined on these subsamples by recording the presence or absence of the appendix masculina on the endopod of the second pleopod, which is a male attribute. Both cephalothorax length -Cl-(from the base of eyestalks to the posterior edge of cephalothorax) and pleura maximum width (second pleomere) were measured to the nearest 0.01 mm under a stereomicroscope, with the aid of a micrometer. Females were weighed to the nearest 0.0001 g with an electronic scale (fresh weight, after 2 min in absorbing paper).
Two methods were used to estimate size at onset of sexual maturity (SOM) for females. The first one was based on morphometric characteristics, assuming that changes in the allometric growth of the pleura (Pl) are related to the development of the brood chamber found in breeding females (Teissier, 1960; Omori and Chida, 1988a) . This is the best known and most frequently used method in studies of SOM for female crustaceans (Lizarraga-Cubedo et al., 2008) . The second technique was based on secondary sexual characteristics (McQuaid et al., 2006; Lizarraga-Cubedo et al., 2008) . For each female, the maturation stage was determined according to an arbitrary scale based on gonad stage of development (color) and the presence of eggs. Four categories were determined: immature (ovary thin and translucent), intermediate (green ovary [orange after alcohol storage]), mature 1 (ovigerous and ovary thin and translucent) and mature 2 (ovigerous and green ovary). These categories were adapted from those proposed by Aurousseau (1984) .
Complete morphometric analyses were performed on a total of 1,205 females, ranging from 4.0 to 14.5 mm in cephalothorax length (628 females from the breeding period).
For fecundity analysis, ovigerous females were immersed in a 10% bleach solution in order to remove the eggs from the abdomen, as performed by Choy (1985) . Eggs were counted one by one without subsamples. Embryos were classified as stage 1 (no visible eyes) or stage 2 (eyes well developed) (Corey and Reid, 1991) . Fecundity was expressed by the equation of number of eggs on carapace length or on total body fresh weight for non-eyed and eyed embryos of ovigerous females. The minimum, maximum and mean diameter of 642 eggs chosen at random from 17 females were automatically measured using Image-Pro plus software (A.E.S).
The volume was calculated using the formula: v 5 1/6p r 1 2 r 2 where r 1 and r 2 are the shortest and longest egg axes, respectively. This formula was chosen because the eggs were an oblate spheroid, and because a comparison could be made with another study using the same method (Bauer, 1991; Cartaxana, 2003) . The fecundity analysis was performed on a total of 220 females. Inter-site differences in fecundity were investigated by comparing 4 transects where females were captured on the same month (June). Inter-month differences in fecundity were then investigated by comparing 4 months of collections from the same station at Ambes.
Data from Europe
To investigate latitudinal variations of reproductive parameters of P. longirostris, data were searched through the literature. Thus, we gathered data from the southern to the northern extent of the species'distribution range: from Morocco and the Mediterranean region (Zariquiey Alvarez, 1968; Lagardère, 1971) , from Portugal (Mira and Tagus, Marques, 1984; Cartaxana, 1994; Cartaxana, 2003) , from France (Gironde and Loire, Marchand, 1981b; Sorbe, 1983; Aurousseau, 1984) , from Netherlands (van den Brink and van der Velde, 1986) and from Bristish coasts (Gurney, 1923; Smaldon et al., 1993) .
To allow comparison between females size and fecundity, total length (Tl) was converted to cephalothorax length (Cl) with the equation provided in Aurousseau (1984) : Tl 5 3.945*Cl + 5.06. To compare the relationship between egg number and female size of different locations, as the raw data were not available, we generate a series from the provided equation associated with the corresponding range size. From this, the difference between localities couldn't be tested statistically (the fitting would be obligatory better for each locality instead of grouped localities).
Statistical Analysis
Presence of ovigerous females in the samples was related to the recorded environmental variables (water temperature, salinity and turbidity) thanks to a Generalized Additive Models (GAMs) (Hastie and Tibshirani, 1990) . GAMs estimate response curves with a non-parametric smoothing function instead of parametric terms. All possible combinations of the environmental variables were examined with a loop and the best model was selected, according to the smallest Akaike Information Criterion (AIC, Burnham and Anderson, 2002) . A binomial error distribution via a logistic link function was applied. To obtain the relative importance of the variables (predictor), we assessed the residual deviance change after excluding each variable in turn from the final model. To evaluate the model, we used its percentage of variance explained (i.e., the difference between the Null model deviance and the residual model deviance, divided by the Null model deviance). The software R was used (R foundation core team, 2005), with the GAM package (Hastie, 2005) to perform the GAM.
The proportion of females compared to males in the samples (sex-ratio) was also related to those environmental variables with the same method.
Linear regressions of log-transformed data were determined for pleura width (Pl) on cephalothorax length (Cl), for the ovigerous females and non-ovigerous females separatly. The comparison between the two logtransformed regression lines was carried out using an analysis of covariance (ANCOVA). The change in relative growth of the pleura for the non-ovigerous females, was identified with the package ''segmented'' in R (Somerton, 1980; Davies, 1987) . Given the linear model log Pl , log Cl, the Davies' test tests for a non-zero difference-in-slope parameter of the segmented relationship. The procedure computes a number of naive points Wald statistics for the difference-in-slope, seeks the best value, and then corrects the selected (minimum) p-value. Non-ovigerous females from the breeding period were assigned into mature or immature category according to the inflection point (hypothesized transition point). After that, a General Linear Model (GLM) (McCullagh and Nelder, 1989 ) was used to fit a logistic curve of maturity as a function of size to estimate SOM from both techniques used to separate mature females from immature. The size at which the expected probability of being mature is 0.50 was estimated.
Differences of size (Cl) frequency between sites were tested using analysis of variance (ANOVA). The differences between months were also tested by the same method. Minimum and maximum size of ovigerous females were tested according to the latitude using Spearman rank correlation.
Linear regressions of log-transformed data or non-transformed data of the number of eggs were determined according to cephalothorax length or total body weight. The comparison between regression lines was carried out using the AIC criteria and the percentage of variance explained by the corresponding GLMs. Fecundity was compared between sites and month computing linear regression lines of egg number plotted on Cl. The differences were tested using ANCOVA. The same method was used to compare the difference between the two embryo stages.
To test for differences between egg volumes, we used an ANOVA. Differences were considered as significant with a 95% (P , 0.05) confidence level for all comparisons.
RESULTS
Breeding Period
The first ovigerous female appeared in March (Fig. 2) . The occurrence increased quickly and reached a peak in May (96%) and June (90%), that rapidly declined with no more ovigerous females appearance from August to November. Ovigerous females with visible gonads, suggesting a second reproductive round, appeared in April and reached a maximum in June. The first females with visible green gonads (without eggs, e.g., ''intermediate stage'') appeared in January.
The presence of ovigerous females could be significantly related to water temperature and to salinity thanks to a GAM (AIC:376, explained deviance: 40.0%). Temperature was the most important factor, while the turbidity was not significant. During the sampling period, the water temperature ranged from 9.0 to 22.7uC. The first ovigerous females appeared at around 11.7uC, while the last appeared at a temperature of 20.7uC. The model showed that the relationship between water temperature and presence of ovigerous female was a clutch form, and displayed an optimum between approximately 14 and 18uC. In stations where ovigerous females were found, the salinity ranged from 0 to 10 PSU. The model showed that presence of ovigerous females decreased with salinity; after 6 PSU, the probability of presence was very low (under 0.2).
Sexual Segregation and Migration
The best model explaining the observed sex-ratio (number of females compared to total number of individual) was: salinity 3 temperature + turbidity (AIC: 994.0 and explained deviance: 62.7%. The major part could be accounted for the salinity in interaction with the water temperature, while the contribution of turbidity is significant (negative correlation) but weak. Predictions were made to extract the observed pattern ( Fig. 3 and Fig. 4) . The relation between the proportion of females and the salinity was non-linear: the proportion of females was maximum for a null or very low salinity and decreased very rapidly until a salinity of around 4 where the sex ratio was almost balanced (Fig. 3) . Above a salinity of 15, females represented less than 10% of the adult shrimps.
Broadly, the sex ratio was balanced during the breeding period only;, it was otherwise always in favor of males. Each month, the proportion of females was found to be higher in the upper part of the Estuary (from around 40 to 100%) than in the intermediate part (from 20 to 80%), which in turn was then higher than in the lower part (from 3 to 29%) (Fig. 4) . The variations according to the month were quite similar for the upper and the intermediate parts of the Estuary, while the opposite was true for the lower part. The proportion of females increased rapidly from March to June in the upper and intermediate part of the Estuary, reaching a peak in May (respectively 80 and 100%), while it conversely decreased in the lower part.
Size at Onset of Sexual Maturity (SOM)
The mean size of ovigerous females was 9.8 (SD 5 1.4), and ranged from 7.1 to 14.6 mm Cl; the mean weight was 748 mg (SD 5 285) and ranged from 358 to 1932 mg.
The mean size of ovigerous females was significantly higher at the beginning and end of the breeding period (respectively 11.0 and 10.4 mm Cl) compared to the middle (10.1 and 9.6 mm Cl in May and June) (ANOVA, F 5 6.9, P , 0.05). No significant difference was found between sites (ANOVA, F 5 1.0, P . 0.05).
The smallest ovigerous female observed was 7.1 mm Cl and the smallest non-ovigerous female with visible gonad was 6.1 mm Cl.
Size at Onset of Sexual Maturity Based on Morphometric Characteristic.-Regression analyses for the relationship between Cl and Pl were conducted (Table 1) . A significant difference between the ovigerous female and the nonovigerous was observed (ANCOVA, F 5 313.9, P , 0.05). As an overlapping ''growth-phase'' appeared, an inflection point was searched for in the non-ovigerous group (Fig. 5) . It was found at 9.6 mm Cl (Davies Test, P , 0.05). This first step enabled us to classify the ovigerous female and non-ovigerous . 9.6 Cl as a mature individual and the other as immature. Next, a logistic curve was fitted (Fig. 6 ) and enabled us to estimate the size at which the expected probability of being mature is 0.50 at 8.00 mm Cl.
Size at Onset of Sexual Maturity Based on Secondary Sexual Characteristics (Gonad Development Observations).-A logistic curve based on the direct observation of gonad presence was fitted and compared with the first one (Fig. 6 ). With this method, the estimated SOM was 7.7 mm Cl.
Fecundity
The mean number of eggs per female ranged from 78 to 1391 and the mean was 547 (SD 5 234). The relationship between the fecundity and the Cl or weight (W) of the females was examined with GLMs ( Table 2 ). The number of eggs was better linked to W than to Cl (better AIC and explained deviance), and the relations were better with nontransformed data.
Neither relationship was significantly different according to the station (ANCOVA, F 5 346.0, P , 0.05). However, there was significant difference among months (for one considered station, Ambes) for both relationships (with Cl and W): April and July were different, overall April for which the slope is lower (ANCOVA, F 5 11.8, P , 0.05).
The mean fecundity was not significantly different according to the stations (ANOVA, F 5 0.38, P . 0.05) but was different according to the month (ANOVA, F 5 3.8, P , 0.05). July presented a higher fecundity mean than other months: 676 (SD 5 266).
Regression analyses did not show any significant differences between the 2 egg stages (ANCOVA, F 5 2.3, P . 0.05) (Fig. 7) . Brood mortality was estimated at 5.1% (mean from the fitted value of the models).
Results of egg measurements are shown in Table 3 . Egg diameter and volume (individual) are significantly higher for stage II compared to stage I (ANOVA, F 5 605.8, P , 0.05). The mean of volume gain of egg mass was estimated at 35.0% between stage I and stage II. For stage I eggs, no significant relationship with female weight was found (ANOVA, F 5 0.58, P . 0.05). However, for stage II eggs, there was a significant decrease (ANOVA, F 5 95.2, P , 0.05): egg volume decreased with the total body weight of the female.
Previous results on the reproductive biology of P. longirostris and those found in the literature are summarized in Table 4 . Data from the north of its distribution (British coasts and Netherlands) to the south (Portugal and Morocco) and from the middle (Loire and Gironde in France) were available. Most of these studies came from the beginning of the '80s, the most recent being the Mira one. It appears that the maximum size of females increases significantly with latitude (rho 5 0.97, P , 0.05; Fig. 8 ).
For example, the maximum size in the Mira is about 13.0 mm whereas it is about 18.0 mm on the British coast. The increase of the minimum size with latitude is not significant (rho 5 0.87, P . 0.05). Based on the reconstructed data, the relationships between egg numbers and female size appear graphically different according to the locations. Due to the lack of raw data, it couldn't be tested statistically. The relationship appears higher for the Mira population than for the Gironde and the Netherlands (Fig. 9) . For example, a female of 10 mm cephalothorax length can produce about 400 eggs in the Netherlands whereas it produces about 700 in the Mira.
DISCUSSION
Breeding Period
Reproduction of P. longirostris in the Gironde estuary is seasonal, since the females started to mature in January, the first ovigerous females appeared in March and disappeared in July, and the last mature females disappeared in August. A similar reproductive period was given for this species in the 80's in the Gironde (Sorbe, 1983; Aurousseau, 1984) , and also in the Loire, the Netherlands and along the British coasts (Holthuis, 1950; Marchand, 1981a; Smaldon et al., 1993) . In estuaries of southern regions of the species distribution, the reproduction period begins earlier and last longer (Zariquiey Alvarez, 1968; Lagardère, 1971; Marques, 1984) . Thus, the classical paradigm according to which reproduction is seasonal and increasingly restricted to periods of higher water temperature with increasing latitude (Bauer, 1992) can be applied for P. longirostris.
Our study reported a significant relationship between water temperature and presence of ovigerous females and showed an optimum range. Really, water temperature appears to be a crucial and proximate factor inducing seasonality of breeding, as it was yet supported by other studies (Bauer, 1992; Kyomo, 2000; Kim and Hong, 2004) .
A little part of the presence of ovigerous female is explained by the salinity. Low salinity seems to favor their presence. This salinity effect could be more spatial than temporal. Indeed, the percentage of ovigerous females carrying last-stage embryos compared to those carrying first stage embryos increases with the salinity. It indicates and confirms that P. longirostris eggs did not hatch in freshwater, they hatched best in undiluted sea water (Gurney, 1923) .
Temperature and salinity are not the only factors which explain the breeding period, since the model didn't explain all the variance. The reproductive pattern could also be determined by the photoperiod and an internal system, as indicated by Mocquard et al. (1977) or Souty-Grosset et al. (1988) and/or by food availability for larvae (Kim and Hong, 2004) .
Sexual Segregation and Migration
All studies except the Mira one (Cartaxana, 1994) reported that the P. longirostris population is characterized by a spatial sexual segregation which occurs throughout the year: females are dominant in the oligohaline part, whereas males are in the majority in the mesohaline and polyhaline parts. This strong relationship with salinity was already described in the '80s in the Gironde (Sorbe, 1983; Aurousseau, 1984) , and also in the Loire (Marchand, 1981a) ; our study confirms those observations. Sexual segregation is very well studied for vertebrate animals and some hypotheses explaining it can be applied to invertebrates (Romey and Wallace, 2007; Ruckstuhl, 2007) . Sexual dimorphism in body size is often a key in solving the enigma of sexual segregation (Ruckstuhl, 2007) . In P. longirostris, females are bigger than males; this dimorphism can lead to differences in feeding requirements or predation risk. Different physiological requirements between the two sexes can also explain this segregation. The exception of the Mira population, where segregation seems to be non-existent (although there is sexual dimorphism), could be explained by differences in habitat type, predation risk or food availability.
All studies, including the present one, reported that P. longirostris populations migrate in order to reproduce in more saline environments. Ovigerous females were collected from estuarine areas, mainly in brackish water, and several authors concluded that reproduction does not take Lagardère, 1971 place in freshwater habitats (Gurney, 1923) . Indeed, our observations of ovigerous females carrying last-stage embryos in the most salty parts of the Estuary support this conclusion.
Size and Size at Onset of Sexual Maturity
In our study, the mean size of ovigerous females was significantly higher at the beginning and end of the breeding period than in the middle. In Portugal, a decrease in size towards the end of the breeding season was shown, it is also the case for other Palaemon species (Omori and Chida, 1988b; Cartaxana, 1994) . This is due to young females progressively joining the spawning group. The higher sizes observed at the end of the breeding period in our study, could be due to the oldest shrimps joining the group for their second reproduction.
Our data allowed us to compare the minimum and maximum size of ovigerous P. longirostris females through five localities. The maximum size was significantly increasing with the latitude. Several studies on crustacean supported this positive relationship between size (and so size at sexual maturity) and latitude (Jones and Simons, 1983; Hines, 1989) . This principle is known as Bergmann's rule (Blackburn et al., 1999) , and it is applicable for a wide range of organisms, including crustaceans (Timofeev, 2001 ). The explanations for such a principle are not very clear but various hypotheses have been made and could be plausible for crustaceans. Those geographical variations could be due to temperature (high temperature simulate growth and initiate early ovarian development) (Kinne, 1970) , photoperiod, predation (Wallerstein and Brusca, 1982) , food availibity, population density, substrate quality (Hines, 1989) . Phylogenetic constraints (results from random ancestral colonization for example) and migration ability or starvation resistance (Blackburn et al., 1999) are also probable hypotheses.
Size at onset of sexual maturity in the Gironde females is around 8 mm Cl. The two methods used in the present study to estimate the SOM from morphometric characteristics and from ovary maturation observations give similar results. As ovary maturation is a quicker and simpler technique to set up in the field, it can be used for SOM estimation on P. longirostris. Moreover, regression analyses of the relationship between Cl and Pl showed a growth phase line overlap, which implies, as signaled by Cartaxana (2003) , that the technique based on morphometric characteristics per se is not adequate to estimate size at maturity. The regression lines observed look like those found by Cartaxana (2003) for the same species, i.e., two female morphs could be distinguished in shrimps larger than the estimated SOM, a resting (non-ovigerous) and a spawning (ovigerous) form. As advanced by Cartaxana (2003) , these results suggest that the adult spawning morphotype is lost after breeding when females may moult to the resting form. As suggested by Flores and Negreiros (1999) , this may be a means of partitioning energy between growth and reproduction.
Size at sexual maturity could be compared only between 3 locations: it appears similar between Mira (Portugal) and Gironde (France), whereas it could be bigger in Loire (France).
Fecundity
We observed that females carrying embryos near hatching also had ovaries filled with large vitellogenic oöcytes, which suggests that P. longirostris have broods at least twice during one breeding period if there is no resorbtion of their material. Such observations and assumptions were also made by Aurousseau in the Gironde (1984), but there was no laboratory observation to confirm a successive and subsequent spawning. This is consistent with the phenomena in the reproduction of Palaemon gravieri (Yu, 1930) , for example (Kim and Hong, 2004) .
In our study, size-specific and weight-specific fecundity were estimated by different regression models, in four months during the breeding period of the year 2007 and in four stations during a same month, in the Gironde estuary. As egg loss -during the capture process and the storage in alcohol-could not be estimated, all these fecundity estimations must be considered as minimal (Tuck et al., 2000; Lizarraga-Cubedo et al., 2008) . For the Gironde population, we found a better fit to egg number with the female fresh weight than with the female size. To our knowledge, all studies on P. longirostris used carapace length and did not used female body weight to establish the Fig. 8 . Size range of ovigerous P. longirostris at 5 localities as a function of latitude. Data come from van den Brink and van der Velde (1986) for Netherlands, from Marchand (1981) for Loire, from Cartaxana (1994 Cartaxana ( , 2003 for Mira, from Gurney (1923) , Smaldon et al. (1993) for British coasts, and from this study for Gironde. Fig. 9 . Size-specific fecundity of P. longirostris at three localities. Data come from van den Brink and van der Velde (1986) for Netherlands, from Cartaxana (2003) for Mira, and from this study for Gironde. fecundity relationship. For some species, a better fit is found with female size, for instance for Palaemon northropi (Anger and Moreria, 1998) . Furthermore, in our study, a better fit is obtained with a linear function instead of the current power function, which is used in mostly studies on crustaceans (Lizarraga-Cubedo et al., 2008) . Studies which compared the two types, linear or power, found that the log transformation gave a better fit with the data (Corey and Reid, 1991; Anger and Moreria, 1998) . Since studies of P. longirostris used only the power function without dealing with the linear one, it is not possible to say if the same is the case in other locations. Supposing those studies used the power function because it was better fitted, this could reveal a difference in reproductive strategy (Pollock, 1997) or lower performance for P. longirostris population in the Gironde.
We found a seasonal variation in the fecundity of Gironde population, with a bigger number of eggs produced for similar female size at the end of the breeding period. This could be explained by less favorable environmental conditions, like food availability or predator presence. Seasonal variations of fecundity were also observed on other crustacean species like crabs (Bas et al., 2007) . Considering that the size of produced eggs could compensate for egg number, or even the egg composition, the reproductive effort could be the same throughout the breeding season.
We tried to compare the geographical variation of the fecundity of P. longirostris European populations. The comparison is very difficult as we have fecundity equations for only 3 locations (France, Netherlands and Portugal), and one of these equations were derived from the original equation containing the total length instead of the cephalothorax length. It could be a latitudinal gradient in the size-specific fecundity: for similar size, the number of eggs produced by Netherlands population could be lower than that of the Gironde, which could be lower than in Mira (van den Brink and van der Velde, 1986; Cartaxana, 2003) . As an increase in female size with latitude was found, the overall process could result from a trade-off between egg number, female size and egg volume (and egg composition), which could lead to similar reproductive effort. But our data just allow us to suggest this hypothesis but not to conclude. More accurate data of other locations would be needed to test it reliably. Most of the studies about crustacean fecundity usually found that fecundity (number of eggs) varied but was independent of latitude (Dugan, 1991; Lester et al., 2007) . Some studies found a significantly increase of eggs number carried by female with increased latitude (Vernberg, 1962; Jones and Simons, 1983; Brante et al., 2003) or the contrary (Clarke, 1987) .
Egg Volume
The mean egg volume calculated in this study is lower than the one calculated for the P. longirostris population of the Mira (Cartaxana, 2003) . A comparison with other localities is not possible as the stage is not recorded; only some ranges are given, and sample size is not given. Several studies on crustaceans or invertebrates showed that egg size may or may not depend on latitude -or temperature-; and if it is dependent, the relationship may be positive or negative (Dugan, 1991 ) . It would seem that for a given size Gironde females produce smaller eggs in smaller quantities than Mira females. Results are hard to interpret, and egg composition is unknown. Differences in eggs volume can be due to differences in the ambient conditions of the habitats, like the chemical composition of water (Wehrtmann and Kattner, 1998) and more specifically salinity (Giménez and Anger, 2001 ). In some species, a latitudinal cline in egg volume was demonstrated, in relation with temperature or not (Vernberg, 1962; Wehrtmann and Kattner, 1998; Wehrtmann and López, 2003) , whereas other showed that this was not the case (Diaz, 1980; Jones and Simons, 1983) . When a relationship between egg volume and temperature exists, it is an inverse one: bigger eggs are observed for the lower temperature.
Contrary to the Mira population, the Gironde population suffers from morphological deformities (Béguer et al., 2008) . Although the causes remain unknown, a recent study showed that some females give birth to distorted larvae, which were smaller than non-distorted ones (Feuillassier, 2008) . Those abnormalities could also explain the differences between the two populations.
Our study has detailed the actual reproductive pattern observed for the P. longirostris Gironde estuary population. It could be useful for future studies on this species to have complete knowledge of population dynamics that can serve as a basis for continuing the survey and gain a better appreciation of the consequences of environmental perturbations. A latitudinal cline was noticed for the breeding period and the female maximum size; it corresponds to classical principles yet observed for other species. The latitudinal variations of fecundity (number of eggs per female) and egg volume are more difficult to apprehend and to interpret because of the lack of data available in its area of distribution.
